The demand for tighter quality control of thin films continues to rise. As the feature size of transistors shrinks, the thickness of dielectric films reduces to a few nanometers or less and therefore needs to be controlled with monolayer-scale precision. For successful nanopatterning in deep ultraviolet (DUV) lithography, the thicknesses of photoresists and antireflection coatings must be accurate and their optical properties must be known precisely. Precise control of composition and thickness uniformity of films is also necessary for largearea samples such as displays and thin-film solar-cell panels.
spectrum becomes flat at zero, which is the indication of complete chlorination and removal of the film. Although this spectrum was accidentally recorded, the discovery of the chlorination of gold film without multichannel SE would not have been possible, because the etch rate (~0.001 nm/s) was too small to be detected with any other technique [5] . Besides, further analysis of {Δ, Ψ} spectra elucidated the evolution of the optical properties of gold caused by the reduction of grain size. (7) made of Kel-F is filled with a liquid and the gold thin film (S) can be illuminated by ultraviolet rays from the substrate (8) . Right: Δ-spectrum collected over 100 min.
Nowadays, multichannel detectors can cover much wider spectral ranges, thanks to advances in semiconductor device technology. A multichannel detector made of an array of charge-coupled devices (CCDs) shows much higher sensitivity than a PDA (~100 times) in the visible regime, and it can cover the near-ultraviolet regime when the surface of the CCD array is coated with a phosphor. Back-thinned CCD arrays cover much deeper into the vacuum ultraviolet (VUV) range due to increased quantum efficiency.
The recently developed VUV multichannel ellipsometry can be used to monitor the growth or annealing process of high-k and low-k materials which exhibit wide bandgap [6] . Also, it can be used to monitor DUV lithography processes. Instead of silicon, InGaAs is used in multichannel detectors which can cover near-infrared regime (900-2500 nm wavelengths). Near-infrared multichannel ellipsometry can be used to study small-bandgap materials such as CIGS films for solar cells. Currently, the spectral range of multichannel detectors can range from the near-infrared to the X-ray regimes. Also, the number of channels has increased and one-inch detectors with 4096 channels are commercially available for spectroscopy. With a properly chosen grating, the spectrum can be acquired with extremely high resolution. Furthermore, the scanning time of multichannel detectors has been reduced to the microsecond range for faster kinetic studies.
Another application of high-speed multichannel spectroscopic ellipsometry is mapping of large-area samples such as LCD panels and solar-cell panels for inspecting the uniformity of thickness or optical properties. Figure 2 (left) shows the retardance obtained from a LCD panel after rubbing a polyimide film. The rubbed surface provides the alignment anchor for the liquid crystal. The rubbing process induces surface anisotropy and thus, in this case a normal-incidence multichannel spectroscopic ellipsometer is used to detect the strength of rubbing process in terms of retardance. Retardance is highly sensitive to the rubbing parameters such as the kind of rubbing cloth, rubbing depth, and rubbing speed. The data in Fig. 2 (left) were obtained by increasing the number of rubbing strokes. These data show that the rubbing strength increased with the number of strokes but was reduced by excessive rubbing due to the gradual removal the polyimide layer. Thus, in order to produce a large display panel with uniform picture quality, the uniformity of rubbing strength along with other parameters needs to be checked. Often, the uniformity over a small area can provide important information about a process. However, due to the beam size in a conventional ellipsometer, the spatial resolution of ellipsometry is limited to few mm in general. In this case, a two-dimensional multichannel detector and imaging optics can be employed to develop imaging ellipsometry, with which two-dimensional microscopic images of {Δ, Ψ} can be obtained in a few seconds. Although imaging ellipsometry is more popular for label-free biodetection [7] , many useful applications are also found in the areas of materials processing and device fabrication. Figure 2 (right) shows Δ-image collected over amorphous silicon (a-Si) after crystallization by XeCl laser annealing (351 x 476 pixels). The dark area is amorphous silicon and the white area indicates crystallization due to the passage of the laser beam. Without much analysis, details of the processing quality can be gleaned from the image itself. Imaging ellipsometry has also shown good sensitivity for detecting metal-induced crystallization of a-Si [8] .
Imaging ellipsometry is a single wavelength ellipsometry in nature, as the image shown in Fig. 2 (right) is in the gray scale. However, by changing the wavelength, spectroscopic imaging ellipsometry can be implemented. In this case, more quantitative information can be deduced for each image point such as the thickness of a multilayer or the degree of crystallization. Moreover, two-dimensional arrays can be used to collect one-dimensional images along with the spectroscopic-ellipsometry spectrum in the other dimension for each image point [9] .
In summary, the incorporation of high-speed spectral scanning in multichannel ellipsometry has opened up new application fields of real-time monitoring of thin-film processing and quality control of large-area samples. By expanding the spectral range and increasing the data-acquisition speed, multichannel ellipsometry will be applied to many different thin-film processes. In addition, two-dimensional multichannel detectors have brought micrometer-scale spatial resolution into ellipsometry. With increased resolution and by employing imaging optics for an extended spectral range, imaging ellipsometry will become a very powerful surface characterization technique with monolayer sensitivity.
